INTRODUCTION
Cell cycle is a critical event controlling cell proliferation. It progresses in a directional manner following well-ordered events: DNA replication, spindle assembly, nuclear division, and cytokinesis. Cell cycle progression is regulated by numerous proteins, including cyclins and cyclin-dependent kinases (CDKs), whose expression oscillates throughout the cell cycle and is tightly controlled. p21 was the first reported CDK inhibitor and was identified as a tumor suppressor gene induced by p53 (1, 2) . It binds to cyclins and CDKs and thus negatively regulates cell cycle progression (3) . It also participates in other important physiological processes, such as DNA repair, stem cell maintenance, differentiation, and senescence; thus, loss of p21 might lead to various disorders including tumorigenesis (3) (4) (5) . Mice lacking p21 display higher tumorigenesis potential, and their embryonic fibroblast cells can bypass the G 1 -S checkpoint upon exposure to DNA damage (6) . Despite functioning as a tumor suppressor and being down-regulated in various malignancies (7, 8) , p21 itself is rarely mutated in human cancers (3, 9) . These findings underscore the importance of the regulatory pathways controlling p21 gene expression, which have not been fully elucidated.
Here, in an effort to unravel the regulatory mechanism of the p53/ p21 axis, we screened a short hairpin RNA (shRNA) vector library and identified X-box binding protein 1 (XBP1) as a negative regulator of p21 transcriptional activity. XBP1 has been characterized as a bZIP (basic-region leucine zipper) transcription factor that interacts specifically with the conserved X2 boxes of major histocompatibility complex class II gene promoters (10) . XBP1 yields two isoforms: unspliced XBP1 (XBP1-u) and spliced XBP1 (XBP1-s). Upon exposure to endoplasmic reticulum (ER) stress, XBP1-u is spliced, and the 26 nucleotides located between +541 and +566 of XBP1-u are excised, causing a codon frameshift in XBP1-s and distinct C-terminal regions between the two isoforms (11, 12) . XBP1-s is considered the active form, playing a pivotal role in the unfolded protein response (UPR) network (12) . However, we report herein that the regulatory effect on p21 is specific to the poorly characterized XBP1-u isoform but not to the well-known XBP1-s isoform. The C terminus of XBP1-u binds to mouse double minute 2 homolog [MDM2 (also known as HDM2)] and inhibits its homodimerization and self-ubiquitination. The accumulation of MDM2 protein, in turn, accelerates the ubiquitination and proteasomal degradation of p53, which is a positive regulator of p21 transcription. Together, our findings uncover a pivotal role of XBP1-u in regulating the cell cycle and its link to the conventional MDM2/p53 axis.
RESULTS

Screening of shRNA expression vector library leads to the identification of factors involved in p21 transcriptional regulation
We established a screening system using an shRNA expression vector library and a p21 reporter gene in HCT116
WT human colon carcinoma cells. The system was validated with shRNA against positive (p53) and negative (MDM2) regulators of p21: Silencing of p53 significantly decreased p21 reporter activity, whereas silencing of MDM2 robustly increased it (fig. S1A).
Next, we screened an shRNA expression vector library containing 3354 shRNA expression vectors covering 2065 genes ( Fig. 1A ): 1289 genes with two vectors targeting different sites per gene and 776 genes with one shRNA expression vector per gene. This screening led to the identification of more than 300 candidates or around 10% of the overall screened genes, for which p21 reporter activity was stronger than with shMDM2, and thus, those candidates were considered potential p21 suppressors (Fig. 1B , left, and table S1). To reduce the false-positive results caused by the off-target effect of shRNA, we gave priority to the 14 genes with two shRNA expression vectors among the top 10% of potential p21 suppressors. Among them, we noticed the presence or pcXBP1-s (E), as determined by Western blotting. Cells transfected with pcCon were used as control. b-Actin was used for qPCR normalization and as Western blotting loading control. qPCR data were shown relative to control and expressed as the mean ± SEM of three independent experiments. **P < 0.01 [analysis of variance (ANOVA)].
of XBP1 (Fig. 1B, right) . XBP1 has been known as a critical player in ER stress (12) ; however, its role within the p21 network remains unknown.
XBP1-u negatively regulates p21 transcriptional activity
We further confirmed the regulatory effect of XBP1 on the p21 promoter using two more shRNA expression vectors against XBP1 (shXBP1-3 and shXBP1-4) and by establishing HCT116 XBP1null cells using the CRISPR (clustered regularly interspaced short palindromic repeats)/Cas9 method. The p21 reporter activity was enhanced in both XBP1-silenced cells and HCT116
XBP1null cells ( fig. S1 , B and C). Consistently, both XBP1 silencing and knockout robustly increased mRNA and protein expression levels of p21 ( fig. S1, D to F) . Together, these results indicate that XBP1 might be a novel p21 transcriptional regulator.
XBP1 is expressed as XBP1-u, which is spliced into XBP1-s upon ER stress ( fig. S2, A and B) . We then investigated the effect of thapsigargin, which induced XBP1 splicing and increased XBP1-s levels ( fig. S2C) , on p21 expression. Surprisingly, instead of suppressing it, thapsigargin promoted p21 expression ( fig. S2, D and E). It should be noted that in contrast to the condition with thapsigargin addition, both the protein level and copy number of XBP1-u were significantly higher than those of XBP1-s under basal condition (that is, without thapsigargin addition), and thus, under basal condition, the shXBP1 vectors described above mainly affected the levels of XBP1-u ( fig. S2 , E to G). Hence, we assumed that the effect of XBP1 silencing and knockout described in this work could be attributed to the absence of XBP1-u. Next, we selectively overexpressed XBP1-u and XBP1-s in HCT116
WT cells ( fig. S3 , A and B). Only overexpression of XBP1-u could significantly suppress p21 mRNA and protein expression, whereas XBP1-s overexpression failed to produce any significant changes (Fig. 1, C to E, and fig.  S3C ). Similar results were also obtained with HCT116
XBP1null cells (Fig. 1, D and E, and fig. S3C ). It should be noted that XBP1-u overexpression did not affect the levels of XBP1-s and its downstream genes ATF4, CHOP, and BIP ( fig. S3, A and D) . Together, these results strongly indicate that XBP1-u, but not XBP1-s, is a negative regulator of p21.
XBP1-u suppression induces G 0 -G 1 arrest
Knowing that p21 is a master regulator of cell cycle progression, we investigated the role of XBP1-u in cell cycle regulation. Both XBP1 silencing and knockout significantly reduced HCT116
WT cell number ( Fig. 2A and fig. S4A ). XBP1 suppression robustly reduced cell proliferation, as indicated by the number of ethynyl deoxyuridine (EdU)-positive cells (Fig. 2B) , and largely increased the percentage of G 0 -G 1 cells (Fig. 2C and fig. S4B , for XBP1 silencing and XBP1 knockout, respectively). Concomitantly, the expression of G 1 regulatory factors cyclin D and CDK4 was suppressed in XBP1-silenced cells (Fig. 2D  and fig. S4C ). Furthermore, the suppression of cyclin D and CDK4 expression was also observed in XBP1 knockout and thapsigargintreated cells ( fig. S4, D and E) . In contrast, the levels of these factors increased substantially following overexpression of XBP1-u, but not XBP1-s, in both XBP1-silenced HCT116
WT cells (Fig. 2E and fig. S4 , F and G) and HCT116
XBP1null cells ( fig. S4H ). The same pattern was also observed for other cyclins and CDK ( fig. S4, I and J).
p53 plays a crucial role in XBP1-u-regulated transcription of p21 It is well known that the tumor suppressor p53 blocks cell cycle progression by positively regulating p21 transcriptional activity (13) . Thus, we investigated the role of p53 in the XBP1-u-mediated regulation of p21. Both XBP1 silencing and knockout promoted the accumulation of p53 protein but not its mRNA, a pattern that was reversed by XBP1-u overexpression (Fig. 3, A WT cells. Given that p53 had been reported to be degraded by the proteasomal pathway, we investigated the role of XBP1-u in the ubiquitination of p53. XBP1 silencing significantly reduced p53 ubiquitination, whereas overexpression of XBP1-u robustly increased it (Fig. 3, D and E). These results suggest that XBP1-u regulates p21 mainly at a transcriptional level and in a p53-dependent manner via increased p53 ubiquitination. Previous studies reported that factors such as p14(ARF) and ribosomal proteins, for example, RPL11 and RPS14, could form complexes with MDM2, a negative regulator of p53 protein stability (14) , and suppress its stimulation of p53 ubiquitination (15) (16) (17) . Therefore, we investigated whether XBP1-u affected the binding of these factors to MDM2. As shown in Fig. 3F , overexpression of XBP1-u had no significant effect on the binding of p14(ARF), RPL11, or RPS14 to MDM2, indicating that XBP1-u did not exert its function in degrading p53 through any of these pathways.
XBP1-u regulates the p53/p21 axis by promoting MDM2 protein accumulation Next, we investigated whether XBP1-u exerted its inhibitory effect on the p53/p21 axis through a positive regulation of MDM2. We found that silencing of XBP1, as well as knocking out XBP1 and decreasing XBP1-u level by inducing its splicing, resulted in a significant decrease in MDM2 protein level, whereas overexpressing XBP1-u, but not XBP1-s, induced its accumulation (Fig. 4A and fig. S7 , A to D). Furthermore, MDM2 overexpression repressed the p21 and p53 upregulation observed in XBP1-silenced cells ( fig. S7E) Fig. 4B  and fig. S7F ). Analysis of total cell numbers of these cell lines revealed that MDM2 overexpression in XBP1-null cells successfully restored high cell numbers ( fig. S7G ). Together, these results suggest that XBP1-u most likely regulates the p53/p21 axis in an MDM2-dependent manner. Furthermore, XBP1-u/MDM2/p53 regulatory pathways could also be found in hepatocarcinoma and breast cancer cell lines ( fig. S8, A and B) , indicating that this mechanism is common to various human carcinomas.
However, MDM2 mRNA expression in XBP1-silenced HCT116 WT cells and XBP1-knocked out (HCT116 XBP1null ) cells, as well as in HCT116
WT cells overexpressing XBP1-u, did not show any significant changes ( fig. S9, A and B) . These results were intriguing, as a previous study (18) revealed that MDM2 transcription could be regulated by two promoters: the p53-irresponsive p1 promoter and the p53-responsive p2 promoter; thus, MDM2 transcription is also regulated by p53 through a feedback mechanism (19) (20) (21) . Similar to the effect of XBP1 silencing on mRNA in HCT116 WT cells, our results showed that XBP1 silencing did not affect the activities of both p1 and p2 reporters (fig .  S9C ). Next, we assessed the effect of XBP1 silencing on the MDM2 mRNA expression level in HCT116 p53null cells and found that in the absence of p53, XBP1 silencing significantly suppressed MDM2 mRNA expression level ( fig. S9D ). The same tendency was observed for the activity of the p2 reporter ( fig. S9E ) in XBP1-silenced HCT116 p53null cells. Thus, these results indicate that XBP1 silencing might also down-regulate MDM2 at its transcriptional level. Furthermore, these results suggest that the overall effect of XBP1 silencing on MDM2 transcriptional activity in HCT116
WT cells was the accumulative effect of both XBP1 suppression and p53-induced feedback mechanism. In other words, the increase of p53 restored the decrease of MDM2 transcriptional activity caused by XBP1 suppression, resulting in the overall unchanged MDM2 mRNA expression level in XBP1-silenced HCT116
WT cells.
XBP1-u enhances MDM2 protein stability by inhibiting its homodimerization and self-ubiquitination
The fact that XBP1-u could positively regulate MDM2 protein accumulation even in cells with wild-type p53, in which no significant change in overall MDM2 mRNA expression could be observed, suggested that XBP1-u might regulate MDM2 at the protein level. Ubiquitin-mediated proteasomal degradation is the canonical pathway for regulating MDM2 homeostasis and is thus critical for fine regulation of the cell cycle and proliferation (22) . Time-dependent protein degradation rate assays showed that, compared to HCT116
WT , the degradation rate of 
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MDM2 in HCT116
XBP1null cells was substantially faster (Fig. 4C ), in contrast with the pattern for p53 degradation. Endogenous XBP1-u and MDM2 colocalized to the cytoplasm, and they could be reciprocally immunoprecipitated (Fig. 4 , D and E). Moreover, silencing XBP1 significantly enhanced MDM2 ubiquitination, whereas overexpressing XBP1-u reduced it (Fig. 4 , F and G).
Given that MDM2 could form homodimers and face degradation via self-ubiquitination (23, 24) , we examined the effect of XBP1-u on MDM2 homodimerization and self-ubiquitination. To this end, we performed an in vivo chemical cross-linking assay using disuccinimidyl suberate (DSS), a chemical cross-linking reagent that promotes protein homodimerization (25, 26) . Compared to the control, XBP1-u overexpression significantly increased MDM2 monomer level (Fig. 4H, left) . The MDM2 homodimer could not be detected in control or in XBP1-u-overexpressing cells (Fig. 4H, left) ; however, its accumulation was significantly stronger in control cells upon treatment with the proteasome inhibitor MG132 (Fig. 4H, right) . These results strongly suggest that XBP1-u inhibited the formation of the MDM2 homodimer, which, as reported previously, is unstable and undergoes proteasomal degradation (26, 27) . To further confirm that XBP1-u prevented MDM2 self-ubiquitination, we examined the MDM2 selfubiquitination potential in the presence of XBP1-u. An in vitro assay showed that the ubiquitination level of MDM2 decreased significantly in the presence of XBP1-u (Fig. 4I) . Together, these results revealed 
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that XBP1-u could form a complex with MDM2, enhance MDM2 stability by preventing its homodimerization and self-ubiquitination, and promote p53 protein degradation. Next, we overexpressed FLAG-conjugated full-length XBP1-u, FLAG-conjugated XBP1-u N-terminal region, or FLAG-conjugated XBP1-u C-terminal region (FLAG-XBP1-u, FLAG-XBP1-u-N, and FLAG-XBP1-u-C, respectively). Immunoprecipitation with anti-FLAG antibody revealed that only the C terminus (and not the N terminus) of XBP1-u could bind MDM2 (Fig. 5A) . A glutathione S-transferase (GST) pull-down assay using GST-conjugated MDM2 (GST-MDM2) and His-conjugated XBP1-u fragments (His-XBP1-u, His-XBP1-u-N, and His-XBP1-u-C for the full-length XBP1-u, the N terminus of XBP1-u, and the C terminus of XBP1-u, respectively) further confirmed the above results: Only His-XBP1-u and His-XBP1-u-C could be pulled down by GST-MDM2 (Fig. 5B) . We also showed that overexpression of XBP1-u-C suppressed the formation of the MDM2 homodimer (Fig.  5C ) and inhibits MDM2 self-ubiquitination (Fig. 5D ). These effects could not be observed with XBP1-u-N ( fig. S10, A and B) . Thus, it is most likely that the C terminus of XBP1-u could bind to MDM2 and suppress its homodimerization, resulting in the decrease of MDM2 selfubiquitination. We showed that overexpression of FLAG-XBP1-u-C was functionally sufficient to block intracellular MDM2 ubiquitination (Fig. 5E ). Concomitantly, XBP1-u-C overexpression induced MDM2 protein accumulation and reduced p53 and p21 protein levels in HCT116
WT and HCT116 XBP1null cells (Fig. 5F ). Together, these results reveal that XBP1-u could bind MDM2, suppress its ubiquitination, and thus regulate the p53/p21 pathway. Moreover, all these functions could be attributed to the C terminus of XBP1-u. (Fig. 6, A and B) . Furthermore, Western blotting results revealed that the expression of MDM2 was negatively regulated in XBP1 knockout cells. Conversely, the expression of p53 and p21 was enhanced but was then suppressed by MDM2 overexpression (Fig. 6C) . Immunohistochemistry of tissue sections from xenografted tumors further confirmed the above results (Fig. 6D) .
Finally, we found that XBP1-u, MDM2, and p21 were aberrantly expressed in clinical human colon carcinoma samples (Fig. 6, E and F) . XBP1-u and MDM2 demonstrated a positive correlation because both were up-regulated in tumor lesions compared to tumor adjacent tissues. At the same time, the mRNA and protein levels of XBP1-u were upregulated in tumor tissues, whereas those of p21 were down-regulated.
We found that XBP1-u localization to the nucleus was enhanced in tumor lesions, in which expression of both XBP1 and MDM2 was upregulated (Fig. 6F) . Similarly, we found that whereas XBP1-u localized predominantly to the cytoplasm under basal condition or when it was overexpressed alone, it colocalized with MDM2 to the nucleus when both of them were overexpressed ( fig. S11A) . Furthermore, using sequential immunoprecipitation, we observed that XBP1-u, MDM2, and p53 interacted physically, indicating that they could form at least a tertiary complex ( fig. S11, B and C) . Given that MDM2 interacts with and degrades p53 protein in the nucleus, these results indicate that XBP1-u might shuttle to the nucleus upon binding to MDM2 and then be involved in p53 degradation. These mechanisms resemble the conventional and highly conserved MDM2/MDMX/p53 regulatory pathway (28, 29) . Human homolog of double minute X [MDMX (also known as MDM4)], a homolog of MDM2 that could form a heteromeric complex with MDM2, inhibits MDM2 homodimerization and, as a result, suppresses MDM2 self-ubiquitination in the cytoplasm and promotes p53 degradation (23, 24) . However, MDMX itself localizes only to the cytoplasm and enters the nucleus solely upon binding to MDM2 (29, 30) . Despite similarities on inhibition of MDM2 homodimerization and self-ubiquitination, we found that XBP1-u could not be immunoprecipitated with MDMX ( fig. S12) . Thus, it is most likely that this novel and specific regulatory pathway is irrelevant to the conventional, well-known MDM2/MDMX/p53 pathway. Together, these findings reveal that XBP1-u is a novel oncogene responsible for regulating the MDM2/p53 axis through an unconventional pathway (Fig. 6G) .
DISCUSSION
Tight control of cell cycle progression is critical for maintaining normal biological functions, and the p53/p21 axis plays a critical role in this regulation. Loss of control of this mechanism leads to several abnormalities, including tumors and embryonic lethality. Besides mutations in p53, which could be observed in approximately half of all human malignancies, many tumors with wild-type p53 exhibit abnormal expression of p53 regulators. MDM2 is a crucial negative regulator of p53 that promotes its degradation by the ubiquitin proteasomal degradation pathway (14) . Our findings describe a novel regulatory mechanism of the MDM2/p53 pathway: XBP1-u binds to MDM2, inhibits its self-ubiquitination, stabilizes it, and thus enhances p53 degradation. This subsequently leads to the down-regulation of p21 and accelerated cell cycle progression as well as cell proliferation (Fig. 6G) .
XBP1 was initially identified for its spliced active form, XBP1-s (12) . In response to ER stress, the mRNA of XBP1-u is spliced to generate XBP1-s, which regulates ER homeostasis by binding to a subset of genes and components of the ER-associated degradation pathway (31). XBP1-s has been reported to be involved in various biological and physiological contexts, such as adaptive and innate immunity, circadian rhythm, and oxidative stress (32) (33) (34) . However, Nekrutenko and He (35) demonstrated that XBP1 evolved in a fashion that was consistent only if both reading frames were functional. Unlike XBP1-s, the specific role of XBP1-u has remained poorly understood. This may be due to the high sequence similarity between XBP1-u and XBP1-s and to the low expression level of XBP1-u under ER stress condition, making it difficult to perform a gene function analysis specific to XBP1-u. Although recent studies have shown that XBP1-u is involved in the protection of endothelial cells from oxidative stress by promoting Akt1 (AKT serine/threonine kinase 1) phosphorylation and in the suppression of autophagy by promoting the degradation of forkhead box 1 (36, 37) , knowledge of any specific, ER stressindependent functions of XBP1-u remains minimal. Our findings show that XBP1-u intersects with the MDM2/p53 pathway. The latter is a fundamental regulatory pathway critical for tumorigenesis and other biological and pathological functions, such as embryogenesis, DNA repair, and senescence (38, 39) . Hence, our results elucidate a novel function of XBP1-u in pivotal biological functions.
MDM2 is an oncogene that belongs to the RING domaincontaining E3 ligase family (14, 40, 41) . MDM2 could shuttle between the nucleus, where it enhances p53 ubiquitination, and the cytoplasm, 
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where its protein regulation occurs. Unlike XBP1-s, which localizes to the nucleus (42), we show here that XBP1-u is detected predominantly in the cytoplasm. Furthermore, the MDM2-stabilizing function of XBP1-u could be attributed to its C terminus, which is different from that of XBP1-s, and has been reported to have a strong nuclear exclusion signal (42) . These facts strongly support our conclusion that the MDM2-stabilizing function is specific to XBP1-u. Intriguingly, when overexpressed, MDM2 could promote XBP1-u localization to the nucleus, where MDM2 functions as a negative regulator of p53. Although the detailed mechanism needs to be investigated further, these results indicate that XBP1-u might not only stabilize MDM2 protein but also be involved in MDM2-induced p53 degradation. Taking into account the fact that XBP1-u is sufficient to inhibit MDM2 self-ubiquitination in vitro and that it neither immunoprecipitates with MDMX nor affects the binding of MDM2 to factors that inhibit its ubiquitination activity such as ARF and ribosomal proteins RPL11 and RPS14, the XBP1-u/ MDM2/p53 axis represents a novel pathway. Hence, although further investigation is required to elucidate whether XBP1-u competes with MDMX in stabilizing MDM2, our findings unraveled a critical, unconventional pathway for the regulation of MDM2 and p53. Besides regulating p53, recent reports have shown that MDM2 could also promote cell proliferation and tumorigenesis in a p53-independent manner (20) , raising the possibility that XBP1-u/ MDM2 might also contribute to tumorigenesis in a p53-independent manner. Our results show that XBP1 silencing could still suppress cell cycle progression, cell proliferation, and colony-forming potential in p53-null cells, although the effects are significantly lower than in wildtype cells. This could be mediated, at least in part, through the induction of p21 protein accumulation. This result conforms to the notion that MDM2 could directly regulate p21 protein stability (43) . Therefore, it is most likely that although p53 is critical for the involvement of XBP1-u/MDM2 in tumorigenesis, the XBP1-u/MDM2 pathway could also participate in p53-independent tumorigenic processes. This fact further highlights the importance of XBP1-u/MDM2 in regulating both cell cycle and tumorigenesis. p53 could regulate MDM2 transcription through a feedback mechanism, which would give rise to an oscillated expression pattern of both proteins (19) (20) (21) . However, our results indicate that in the presence of p53, XBP1-u did not significantly affect MDM2 mRNA expression. This intriguing result is most plausibly due to the accumulative effects of XBP1-u positive regulation on MDM2 transcription and p53-induced feedback mechanism. To our knowledge, unlike its spliced form, XBP1-s, which had been reported to act as a transcriptional factor for its downstream genes (44) , there is no report regarding the transcriptional function of XBP1-u at present. The transcriptional functions of XBP1-s should be attributed to its C terminus (44) , which is different from that of XBP1-u. Nevertheless, although the detailed mechanism of XBP1-u regulation on MDM2 transcription needs further investigation, the fact that MDM2 protein accumulation is suppressed by XBP1 silencing even in the presence of p53 reveals that the contribution of XBP1-u is even more significant at the protein stability level. On the other hand, the fact that XBP1-u could positively regulate MDM2 on both transcriptional and translational levels strongly suggests the clinical significance of its oncogenic function. Given that p53 down-regulation could also be observed even in many tumors with wild-type p53 (45), our results indicate that XBP1-u could mask the feedback regulation of p53 on MDM2 and thus might be involved in the aberrant high expression of MDM2 in many cancers with wildtype p53 (21).
In summary, by performing shRNA library screening, as well as in vitro and in vivo experiments, we uncover a previously unknown function of XBP1-u in regulating the MDM2/p53 axis and elucidate the new, critical role of XBP1-u in cell cycle and tumorigenesis. The fact that the MDM2/p53 pathway is also involved in other processes, including embryogenesis and senescence, indicates that the importance of XBP1-u has been underestimated and might indeed have a far-reaching impact. Finally, these findings give a new perspective regarding the regulation of the basic, conventional MDM2/p53 axis.
MATERIALS AND METHODS
shRNA expression vector and shRNA expression vector library shRNA target sites were predicted using the algorithm for predicting specific target sites, and the shRNA expression vector library was constructed as described previously (46) . The library contains 3354 shRNA expression vectors against 2065 genes (1 or 2 shRNA expression vectors with different target sequences for each gene). The specific target sites for shXBP1-1, shXBP1-2, shXBP1-3, and shXBP1-4 were GTA AGA AAT ATT ACT ATA A, AGT AAG AAA TAT TAC TAT A, GCT GGA AGC CAT TAA TGA A, and GAA CCA GGA GTT AAG ACA G, respectively; the target sites for p53 (NM_000546.5) were GCA AGA AGG GAG ACA AGA T and GAG AAG AGT TGG AAC AGA A; and the target sites for MDM2 (NM_002392.5) were GAC TAA ACG ATT ATA TGA T and AGG CAA ATG TGC AAT ACC A. The shRNA expression vectors were constructed as described previously (47) . Briefly, the oligonucleotides with a hairpin structure, overhanging sequences, and a terminator were synthesized, annealed, and inserted into the Bsp MI sites of a pcPUR+U6i cassette vector containing the U6 promoter as described previously.
For XBP1-u (NM_005080.3) and XBP1-s (NM_001079539.1) overexpression vectors (pcXBP1-u and pcXBP1-s, respectively), the oligonucleotides of the coding sequences were synthesized and cloned into pUC57 (Invitrogen) before they were subcloned into the Bam HI and Not I sites of pcDNA3.1(+) (Invitrogen). For p53 and MDM2 overexpression vectors (pcp53 and pcMDM2, respectively), the corresponding regions were amplified using the Takara PrimeSTAR Max DNA Polymerase (Takara Bio) from human complementary DNA (cDNA) obtained by reverse-transcribing the total RNA extracted from HCT116 WT cells using the PrimeScript RT Reagent Kit with gDNA Eraser (Takara Bio) and cloned into the Bam HI and Not I sites of pcDNA3.1(+). XBP1-u C-terminal (1 to 498 regions) and N-terminal (499 to 786 regions) overexpression vectors (pcXBP1-u-C and pcXBP1-u-N, respectively) were cloned in a similar way, except that pcXBP1-u and pcXBP1-s were used as templates.
For pcFLAG, the FLAG sequence was inserted into the Nhe I and Hind III sites of pcDNA3.1(+). For FLAG-tagged MDMX (NM_002393.4), FLAG-tagged ARF (NM_000077.4), FLAG-tagged RPL11 (NM_000975.3), and FLAG-tagged RPS14 (NM_001025071.1) overexpression vectors (FLAG-MDMX, FLAG-ARF, FLAG-RPL11, and FLAG-RPS14, respectively), the coding sequences were amplified from human cDNA as described above, whereas for FLAGtagged XBP1-u, XBP1-u C terminus, and XBP1-u N terminus (FLAG-XBP1-u, FLAG-XBP1-u-C, and FLAG-XBP1-u-N, respectively), the XBP1-u, XBP1-u-C, and XBP1-u-N fragments were amplified from pcXBP1-u, pcXBP1-u-C, and pcXBP1-u-N, respectively. These fragments were then inserted into the Bam HI and Not I sites of pcFLAG.
For the p21 wild-type promoter reporter vector containing −65 to +2586 p21 promoter region (p21-luc) and MDM2 promoter reporter vectors (MDM2-p1-luc and MDM2-p2-luc, containing −2410 to −1 and +317 to +841 of MDM2 promoter regions, respectively), the corresponding promoter regions were amplified using the Takara PrimeSTAR Max DNA Polymerase (Takara Bio) from human genome DNA extracted from HCT116
WT cells using the TIANamp Genomic DNA Kit (Tiangen Biotech) and cloned into the Bgl II and Hind III sites of pGL4.13 vector (Promega). p21-luc vector lacking the p53 binding site (p21 mut -luc) was constructed on the basis of the site-specific mutagenesis method (48) .
Cell cultures and cell lines
The wild-type and p53-null HCT116 colon carcinoma cell lines (HCT116 WT and HCT116 p53null , respectively) were provided by B. Vogelstein (Johns Hopkins University School of Medicine). The HepG2 human liver carcinoma cell line and the MCF-7 human breast carcinoma cell line were obtained from the Cell Bank of the Chinese Academy of Sciences, Shanghai. Cells were maintained in medium [McCoy's 5A medium (Gibco) for HCT116 cells or Dulbecco's modified Eagle's medium (Gibco) for HepG2 and MCF-7 cells] supplemented with 10% fetal bovine serum (Biological Industries). All cell lines were routinely tested and found negative for mycoplasma contamination using Mycoplasma Detection Kit-QuickTest (Biotool).
The XBP1-null HCT116 (HCT116
XBP1null
) cell line was established using CRISPR/Cas9 technology. Briefly, human XBP-1 CRISPR/Cas9 KO Plasmid and human XBP-1 HDR Plasmid (Santa Cruz Biotechnology) were transfected into the HCT116 WT cells using Lipofectamine 2000 (Invitrogen). Twenty-four hours later, puromycin selection (0.8 mg/ml) was performed to eliminate untransfected cells for 7 days. Cell line was then established from a single clone. The elimination of XBP1 was confirmed by analyzing the sequence of the corresponding genome DNA: The nucleotides located at the +570 to +616 region (47 base pairs) of XBP1-u were deleted.
To construct the XBP1-null stable cell line overexpressing MDM2, MDM2 overexpression vector pcMDM2 was transfected into HCT116 XBP1null cells. To construct control stable cells lines, pcDNA3.1(+) vector was transfected into HCT116 XBP1null or HCT116 WT cells. Transfection was performed using Lipofectamine 2000 according to the manufacturer's instruction. The transfected cells were then selected using G418 (final concentration, 400 mg/ml), and stable cell lines were established from single clones.
For gene silencing experiments, cells were transfected with 2 mg of indicated shRNA expression vector using Lipofectamine 2000 (Invitrogen). Twenty-four hours later, cells were subjected to puromycin selection (final concentration, 1.2 mg/ml) to eliminate untransfected cells. mRNA and protein samples were collected 36 hours after puromycin selection.
For overexpression experiments, cells were transfected with 2 mg of indicated overexpression vector using Lipofectamine 2000 (Invitrogen). Twenty-four hours later, mRNA and protein samples were collected and subjected for further analysis.
For rescue experiments, cells were transfected with 1 mg of indicated shRNA expression vector and 1 mg of overexpression vector using Lipofectamine 2000 (Invitrogen). Cells were subjected to puromycin selection (final concentration, 1.2 mg/ml) to eliminate untransfected cells. mRNA and protein samples were collected 36 hours after puromycin selection.
For thapsigargin treatment, 1 × 10 6 cells were seeded and cultured for 24 hours. After being treated with thapsigargin (final concentration, 1 nM) for 6 hours, mRNA and protein were collected.
Animal experiment
For the in vivo tumor study, BALB/c-nu/nu mice (male; body weight, 18 to 22 g; 6 weeks old) were purchased from the Third Military Medical University (Chongqing, China; permit number SYXK-PLA-20120031). Animal studies were carried out in the Third Military Medical University and approved by the Laboratory Animal Welfare and Ethics Committee of the Third Military Medical University. All animal experiments conformed to the approved guidelines of the Animal Care and Use Committee of the Third Military Medical University. All efforts to minimize suffering were made.
To generate an experimental subcutaneous tumor model, BALB/ c-nu/nu mice were divided into three groups (n = 6), and each group was injected subcutaneously with 5 × 10 6 HCT116 WT /pcDNA, HCT116 XBP1null /pcDNA, or HCT116 XBP1null /pcMDM2 stable cells. Tumor size (V) was evaluated by a caliper every 2 days with reference to the following equation: V = a × b 2 /2, where a and b are the major and minor axes of the tumor, respectively (47) . Mice were randomly divided into three groups (n = 6). The investigator was blinded to the group allocation and during the assessment.
Clinical human colon carcinoma specimens Human colon carcinoma specimens were obtained from colon carcinoma patients undergoing surgery at Chongqing Cancer Institute (Chongqing, China) and stored in the Biological Specimen Bank of Chongqing Cancer Institute. Patients did not receive chemotherapy, radiotherapy, or other adjuvant therapies before the surgery. The specimens were snap-frozen in liquid nitrogen. Patients' written informed consents were obtained, and the experiments were approved by the Institutional Research Ethics Committee of Chongqing Cancer Institute.
Dual-Luciferase Reporter System and library screening Cells were seeded onto 24-well plates for luciferase reporter assay or 96-well plates for library screening. Twenty-four hours later, cells were cotransfected with the indicated shRNA expression vectors, reporter vector, and the Renilla luciferase expression vector (pRL-SV40, Promega) as internal control using Lipofectamine 2000. Twenty-four hours after cotransfection, the luciferase activities were then measured with the Dual-Luciferase Reporter Assay System (Promega).
RNA extraction and quantitative RT-PCR analysis
Total RNAs were extracted using TRIzol (Invitrogen) according to the manufacturer's instruction. Each total RNA sample (1 mg) was reversetranscribed into cDNA using the PrimeScript RT Reagent Kit with gDNA Eraser (Takara Bio), and quantitative reverse transcription PCR (qPCR) was performed to assess the mRNA expression levels with SYBR Premix Ex Taq (Takara Bio). The sequences of the primers used for quantitative RT-PCR are shown in table S2. b-Actin was used to normalize sample amplification. The results are shown relative to the expression level in the corresponding controls, which are assumed as 1.
Western blotting
For cell culture experiments, cells were collected and lysed with radioimmunoprecipitation assay (RIPA) lysis buffer with protease inhibitor and phosphatase inhibitor cocktail (complete cocktail, Roche Applied Science). Equal amounts of the sample proteins were electrophoresed on SDS polyacrylamide gel and transferred to a polyvinylidene fluoride membrane (Millipore) with a pore size of 0.45 or 0.22 mm (for protein, ≤15 kDa). The antibodies used are listed in table S3, and immunoblotting with anti-b-actin antibody was conducted to ensure equal protein loading. The signals were measured using SuperSignal West Femto Maximum Sensitivity Substrate detection system (Thermo Fisher Scientific). Images of uncropped blots are shown in fig. S13 (A to Q) . Quantification was performed using Quantity One software.
For protein degradation assay, 1 × 10 6 cells were seeded in a 3.5-cm dish. Cycloheximide was added at the final concentration of 200 mg/ml. Protein samples were collected at the indicated time points and were subjected to Western blotting as described above.
Quantification of total cell number HCT116
WT cells or HCT116 p53null cells were first transfected with the indicated vectors using Lipofectamine 2000 (Invitrogen). Twenty-four hours after transfection, puromycin selection (final concentration, 1.2 mg/ml) was performed to eliminate untransfected cells. The transfected cells were seeded into 96-well plates. The cell numbers were measured by Cell Counting Kit-8 (Dojindo) at the indicated time points.
EdU incorporation assay and colony formation assay Cells were transfected with the indicated shRNA expression vectors and selected using puromycin as indicated above. For EdU incorporation assay, after puromycin selection, EdU incorporation and staining were performed using Cell-Light EdU Apollo488 In Vitro Imaging Kit (RiboBio) according to the manufacturer's instruction. Nuclei were stained with DAPI. Images were taken with DMI6000B (Leica). Quantification of EdU-positive and DAPI-positive cells was performed using Microsystems LAS AF-TCS MP5 (Leica), and the results are shown as the ratio of EdU-positive cells to DAPI-positive cells. For colony formation assay, 300 cells were cultured in a six-well plate for 8 days. Cells were then fixed with 30% ethanol and stained with methylene blue. The colonies were then counted. The investigator was blinded during the assessment.
Cell cycle analysis HCT116
WT cells or HCT116 p53null cells were transfected with the indicated shRNA expression vectors and selected using puromycin selection as described above. Cells were subjected for starvation for 24 hours before they were incubated further for 24 hours under normal conditions and then harvested and stained with propidium iodide (KeyGen Biotech). The percentages of the cells in each cell cycle phase were determined by flow cytometry.
Immunoprecipitation and in vivo ubiquitination assay Cells were seeded in a 10-cm dish (5 × 10 6 cells per dish) and transfected with 16 mg of shRNA expression vectors or overexpression vectors as described above. Total protein samples were collected and lysed with RIPA lysis buffer with protease inhibitor and phosphatase inhibitor cocktail (complete cocktail, Roche Applied Science) and cleared by centrifugation at 12,000 rpm. The supernatants were incubated at 4°C for 2 hours with protein A+G beads (Beyotime Biotechnology) in the presence of indicated antibodies or IgG as control. Then, the immunoprecipitated proteins were subjected to immunoblotting as described in Western blotting.
For ubiquitination assay, cells were transfected with the ubiquitin overexpression vector (pcUbi) and the indicated shRNA expression vector or overexpression vector, as well as the pcp53 or pcMDM2 vector (6 mg each). Twenty-four hours later, cells were treated with MG132 (final concentration, 20 mM) for 8 hours, and then the lysates were collected as described above. Immunoprecipitation was performed using the indicated antibodies, and then the immunoprecipitated proteins were subjected to immunoblotting using anti-ubiquitin antibody and other antibodies as indicated.
GST pull-down assay His-tagged N-terminal and C-terminal fragments, as well as the fulllength XBP1-u proteins, were purchased from Proteintech. The GST-MDM2 protein was purchased from Boston Biochem and mixed with GST beads (GE Healthcare Life Sciences) in the binding buffer [phosphate-buffered saline (PBS) + 2 mM EDTA + 0.05% Tween 20 + 3% milk powder] at 4°C for 1 hour. The mixtures were then washed four times with wash buffer (PBS + 2 mM EDTA + 0.05% Tween 20 + 150 mM NaCl). His-tagged XBP1 fragments were added into the mixture and mixed in the abovementioned binding buffer at 4°C for 2 hours. The mixtures were then washed four times with wash buffer as mentioned above, and the protein complexes were eluted using 1% SDS. The pulleddown proteins were subjected to Western blotting as described above.
In vivo chemical cross-linking assay
Cells were transfected with the indicated vectors. After culturing for 24 hours, cells were collected and washed with cold PBS. The cell suspensions were treated with DSS for 30 min at 25°C, and the reaction was stopped using tris-buffered saline (pH 7.5). Cells were then lysed with RIPA lysis buffer with protease inhibitor and phosphatase inhibitor cocktail (complete cocktail, Roche Applied Science) before they were subjected to Western blotting as described above. For assay with MG132, cells were treated with MG132 (final concentration, 20 mM) for 8 hours before they were collected and treated with DSS.
In vitro ubiquitination assay Fifty nanograms of E1 (Boston Biochem), 100 ng of UBE2D2 (Boston Biochem), 5 mg of ubiquitin (Boston Biochem), and 4 mg of each protein as indicated were mixed in a buffer containing 50 mM tris (pH 7.6), 5 mM MgCl 2 , 2 mM adenosine triphosphate, and 2 mM dithiothreitol. The mixtures were then incubated at 30°C for 90 min, and the reactions were then stopped using 5× SDS-polyacrylamide gel electrophoresis loading buffer. The samples were resolved on 10% SDS polyacrylamide gel and subjected to Western blotting against anti-MDM2 antibody as described above.
Immunohistochemical analysis
Paraffin-embedded sections were obtained from fresh colon carcinoma and adjacent tissues or xenografted tumors (4 mm thick) using a cryostat and subjected to immunohistochemistry. Briefly, the tissue sections were incubated with primary antibodies for 1 hour. The specimens were then incubated with the corresponding second antibodies conjugated with horseradish peroxidase. Visualization was performed using a DAB (diaminobenzidine) Kit (DAKO) under a microscope. Nuclei were then counterstained with hematoxylin, followed by dehydration and coverslip mounting. The antibodies used are listed in table S2. Images were taken using Pannoramic Midi (3DHistech).
Immunofluorescence staining Cells were seeded in 3.5-cm culture dishes (2 × 10 5 cells per dish), fixed for 30 min at room temperature with 4% paraformaldehyde, permeabilized for 5 min with PBS containing 0.1% Triton X-100, blocked with 1% bovine serum albumin for 1 hour, and incubated with anti-XBP1-u and anti-MDM2 antibodies for 2 hours. Cells were then incubated with fluorescent second antibodies for 1 hour. Nuclei were stained with DAPI (Beyotime Biotechnology) for 15 min. Images were taken with laser scanning confocal microscopy (Leica Microsystems TCS SP5).
Sequential immunoprecipitation
Sequential immunoprecipitation was performed as described previously (49) . Briefly, HCT116
WT cells seeded in a 10-cm dish (5 × 10 6 cells per dish) were transfected with pcFLAG-XBP1u, pcMDM2, and pcp53 (6 mg each) as described above. Total protein samples were treated as described in the "Immunoprecipitation and in vivo ubiquitination assay" section, except that after immunoprecipitation with IgG or anti-FLAG antibody, the immunoprecipitants were again immunoprecipitated with IgG or anti-MDM2 antibody. Then, the immunoprecipitants were subjected to immunoblotting as described above.
Statistical analysis
Quantification data were analyzed by one-way ANOVA conducted using SPSS Statistics v17.0. Statistical significance was defined as P < 0.05, and P < 0.01 was considered highly significant.
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